Understanding uplift and exhumation in orogenesis requires integrating the effects of both climatic and tectonic forcing. Punctuated thrust activity is widely documented from fi eld studies in a range of mountain belts. The potential for climatic forcing of thrust activity has been a subject of recent debate. Here we use a modeling approach to analyze the behavior of individual thrust units in the context of asymmetric doubly vergent thrust wedges. The model predicts that rates of surface uplift, frontal accretion, and exhumation should be punctuated on a time scale linked to thrust sheet geometry and convergence rates. This time scale ranges from 0.1 to 5 m.y. for various settings, and should be calculated before external forcings such as climate are invoked.
INTRODUCTION
The gross topographic shape of mountain belts is defi ned by a balance between tectonically induced uplift and erosional downwearing (Dahlen and Suppe, 1988) . Because the internal stress regime is modifi ed by the surface redistribution of mass, these systems mechanically respond to spatial and temporal perturbations in erosion (Avouac and Burov, 1996) . Erosion determines the net effl ux of material from a mountain belt, and if this is compared over the long term (10 5 -10 7 yr) to the net infl ux of rock by deformation at the edge of the mountains, the mass balance of a mountain belt can be assessed (Willett and Brandon, 2002) . Because climate is a key control on erosion, the potential for climate change to affect the mechanics of mountain building raises fundamental questions concerning lithospheric-atmospheric coupling.
Numerous studies have attempted to test this potential coupling by a comparison of climatic factors such as precipitation and storminess with the geological processes of erosion and exhumation. On the scale of the half-width of a mountain belt, the long-term asymmetry of orographically enhanced precipitation is important in determining the asymmetry of topography, erosion, and long-term exhumation (e.g., Koons, 1989) . However, on the subscale of individual structural units within thrust wedges, the impact of variable erosion is less clear (e.g., Burbank et al., 2003; Dadson et al., 2003; Wobus et al., 2005) . Some of the complexity at this subscale may be related to climatic variability, but there is also an internal tectonic variability in the timing and magnitude of structural forcing recorded by geologists (e.g., Armstrong and Oriel, 1963) . However, this has only recently been incorporated into models of thrust wedge evolution (Hoth et al., 2006; Naylor et al., 2005) .
This paper builds on a previous study that compared the range of behaviors observed in sandbox and discrete element model wedge simulations . Here we provide a model that predicts the frequency and timing of thrust activity in the context of the growth of a doubly vergent wedge. The accretion of thrust units and the reactivation of structures within the modeled wedge are punctuated in space and time, defi ning an internal natural variability in structural growth. We suggest that before making correlations between structural activity and climatic forcings, the inherent tectonic variability of a thrust wedge should be calculated and taken into account.
MODELING OROGENESIS
Due to the complexity of orogenic systems, a range of computational and analogue models is increasingly relied upon.
Finite element models of mountain belt growth can be grouped into three categories by the scale of process under analysis. Regional visco-elastic plastic models of the orogenic wedge yield insight into the coupled evolution of wedge systems with external forcings, such as climate on the full orogen scale (Willett, 1999) , but have little or no structural resolution. Subduction zone boundary conditions are reduced to a fl exural profi le with a basal velocity discontinuity (S point) approximating juxtaposition of the overriding and subducting slabs. The second class of models investigates subduction-collision kinematics, and the infl uence of this interaction on the orogenic system (e.g., Pysklywec and Beaumont, 2004) , incorporating more comprehensive pressure and temperature regimes. Neither of these models resolves processes on the scale of individual thrust sheets. The third class investigates the evolution of fold and thrust belts, integrating the emergent formation of welldefi ned thrust units (Simpson, 2006) , and simulates the punctuated evolution of the fold-andthrust belt, but neglects the interaction between the pro-thrust and retro-thrust wedges.
Sand-box models provide a qualitative understanding of the accretion of discrete thrust units. They suggest that growth fl uctuates between periods of frontal accretion and internal thickening (Gutscher et al., 1996) , and are used to investigate the infl uence of localized erosion (Hoth et al., 2006) .
The extension of critical wedge theory to account for the richness of behavior observed in models and real examples is not trivial. Formation of the theoretical critical wedge is dependent upon the material being at Coulomb failure everywhere (Davis et al., 1983) ; thus the wedge instantaneously responds by changes in surface taper to maintain criticality.
We consider the evolution of a fold-and-thrust belt to be the evolution of a wedge, with the further constraint that it grows by the accretion of discrete thrust sheets. The thrust sheet length is determined by material properties of the crust, independent of critical wedge theory (Platt, 1988) . If a critically tapered wedge propagates a new thrust of suffi cient length, the wedge becomes subcritical. In order to regain critical taper, the wedge must thicken internally. When wedges grow by the accretion of thrusts with wavelengths that are signifi cant compared to the width of the wedge, the surface uplift distribution will be strongly controlled by the evolution of new thrusts. Hence, real thrust wedges allow sustained localized deformation in ways not encapsulated in critical wedge theory.
DISCRETE ELEMENT MODEL
We use a discrete element model to demonstrate how punctuated activity on the scale of thrust sheets scales to the entire doubly vergent wedge. Thrust faulting is an emergent property of the simplest discrete element model wedge . Subject to appropriate tectonic boundary conditions , the element positions are updated by numerical integration of the equations of motion (Cundall and Strack, 1979) . The discrete element model consists of tens of thousands of particles that interact through a linear elastic spring dashpot in the normal direction and fail through a Coulomb failure criteria in the tangential direction, with an internal coeffi cient of friction of 0.3. They are a composite of three random-sized discs to avoid the problems of (1) overrotation arising from computers being able to make truly round discs whereas nature cannot (Jensen et al., 1999) and (2) the initial packing geometry controlling the evolution of the system (Burbidge and Braun, 2002) . The particles are randomly positioned and settle under gravity, ensuring a degree of isotropic heterogeneity within the crustal layer. Because the material is in some respects granular, the bulk material properties are an emergent property of the parameterization, particle geometry, and their size-shape distribution. The experiments simulate the accretion of a uniform foreland succession into an orogen that is located over an S point, a basal velocity discontinuity that approximates the juxtaposition of the subducting and overriding slabs (Willett et al., 1993) (Fig. 1) . The proside basal coeffi cient of friction is 0.2. The model does not attempt to simulate isostatic compensation for the topography.
RESULTS
A series of experiments was run in order to evaluate the natural variability of internal structural forcing on the commonly recorded metrics ( Fig. 2A) surface uplift, propagation of deformation fronts, and rock exhumation.
Surface Uplift
We examine the surface uplift within the orogen in a non-erosive model (Video DR1 in the GSA Data Repository 1 ). As the layers of elements (simulating rock layers) are accreted into the doubly vergent thrust wedge from the underthrust plate, its total mass and hence its maximum height increase. A fl ux balance predicts the height of a non-erosive wedge to increase proportional to t 0.5 (Dahlen and Suppe, 1988) , where t is the time lapsed since accretion commenced (see the supplemental equations in the GSA Data Repository). This decrease in the mean rate of surface uplift results in the convergence of uplift and erosion rates; this drives the system toward a time-averaged fl ux steady state (e.g., Willett et al., 2003) . The wedges modeled in this study demonstrate this long-term analytic trend (Fig. 2B ). However, a quasi-periodic fl uctuation is superimposed on this trend. Periods of rapid surface uplift in the center of the orogen are related to internal thickening, whereas periods of reduced surface uplift correspond to episodes of frontal accretion of thrust units.
Deformation Fronts
Consider the evolution of the deformation fronts (Fig. 2C ) from the perspective of an observer on the surface of the mountain belt above the subduction point ( Fig. 2A) : the pro-side deformation front propagates rapidly away as new thrust sheets are accreted, and back toward the observer at the regional convergence rate during periods of internal thickening. In contrast, the retro-side deformation front propagates perpetually outward. This apparent ebb and fl ow of the pro-deformation front is superimposed on a longer-term outward migration. This signal of periodic accretion followed by a translation of the accreted thrust sheet toward the interior of the orogen corresponds to the signal of evolving height (Fig. 2B) .
Exhumation
We use rock trajectory paths and an erosional threshold elevation, above which all material is removed, in order to visualize evolving exhumation rates (Video DR2 in the GSA Data Repository). Clearly the erosional threshold is an unrealistic forcing mechanism. However, it captures the impact of punctuated thrust activity with a signal that is comparable to the non-erosive case. spatial-temporal histories of particles residing at the surface in each time step are used to derive exhumation metrics, as illustrated in the sample cross section (Fig. 3A) , where the individual rock trajectories demonstrate distinct periods of horizontal motion, quiescence, and rapid uplift.
The time evolution of the topography is summarized in Figure 3B . The height of the system increases until reaching the erosion threshold. The two opposing wedges continue to grow laterally, until a time-averaged fl ux steady state has been achieved.
Cumulative erosion records the total amount of material removed through the erosional surface. The distribution of cumulative erosion is skewed to the pro-side (Fig. 3B) , where particles have the most frequent motion along low-angle trajectories. The trajectories of particles exhumed on the retro-side are much steeper (Fig. 3A) , so that despite there being a smaller total volume of material eroded, the exhumed particles are from deeper within the modeled orogen. Thermo chronometers record the time elapsed since cooling below a temperature threshold. In real systems, shallow isotherms approximate topography and become more planar with depth as the infl uence of topography decays (Stüwe et al., 1994) . We use the time elapsed since passing though a constant depth surface as a proxy for thermochronometric age. The model ages derived from a shallow thermochronometer are plotted on the cumulative erosion envelope in Figure 3C . Young ages are associated with periods of internal thickening and older ages with periods of frontal accretion (Fig. 3D) .
SCALING OF THRUST SIGNATURE
Resolution of internal tectonic variability in the geological record requires that the duration of activity is greater than the error derived from the dating method used to determine timings of deformation: typical dating techniques include biostratigraphy or magnetostratigraphy, and geochronology or thermochronology with resolutions typically ranging from 10 5 to 10 6 yr. The maximum duration of activity on a thrust plane during frontal accretion is determined by the relative offset on the structure divided by the convergence rate. The relative offset is approximated by the length of the accreted thrust sheet (Platt, 1988) . This length is controlled by the thickness of accreted material (i.e., the depth of detachment), the internal strength of the material, and the strength of the basal detachment. Therefore, the upper limit on the time scale of this variability will be greater with thick thrust sheets, high rock strengths, weak detachments, and/or slow convergence rates.
For example, the central Southern Pyrenees accreted the Montsec and Sierras Marginales thrust sheets during Eocene time with a regional convergence rate of ~6 km/m.y. (Vergés et al., 1995) . They have a high aspect ratio associated with strong, competent limestones detached on a weak Triassic evaporate layer, each with a length of ~24 km. This results in an upper limit on the time scale of internal variability of 4 m.y. (Fig. 4) ; this can be used to explain the punctuated nature of exhumation in the Central Pyrenees . Southwestern Taiwan accretes shorter thrust sheets, ~12 km, with a higher regional convergence rate across the island of 80 km/m.y. (Hickman et al., 2002) . These values result in an upper time scale for the signal of 0.15 m.y., which is within error for the thermochronology measurements . The Himalayan foothills of central Nepal accrete thrust sheets with displacement lengths of ~ 25 km at a regional convergence rate of 21 km/m.y. between India and Lhasa (Jouanne et al., 2004) , indicating an upper time scale for the tectonic signal of ~1.2 m.y.
DISCUSSION
The dominance of the signal of tectonic variability is evident where localized climate and tectonically induced deformation fail to correlate (Burbank et al., 2003) . In other examples where short-term climatic proxies appear to correlate with long-term denudation over individual structures (e.g., Dadson et al., 2003; Wobus et al., 2005) , we argue that this may either be coincidence or due to orographic enhancement. While an anticorrelation is evidence of a lack of coupling at the local scale, a positive correlation does not discount it being due to tectonic variability. Current models predict a smooth, well-nested distribution of thermochronometric ages that, once the system has attained a fl ux steady state, remain constant, i.e., exhumational steady state (e.g., Willett and Brandon, 2002) . We predict a distribution that fl uctuates in time associated with periods of internal thickening and frontal accretion (Fig. 3D ). When this signal is resolvable, exhumational steady state may become a poor assumption.
CONCLUSION
The geological and geomorphological record of mountain building is characterized by punctuated activity on thrust faults. Modeling results demonstrate that this activity represents the internal natural variability in the tectonic signal of frontal accretion and internal thickening of a thrust wedge. The modeled variability of this signal is revealed through rates of thrust accretion, surface uplift, and exhumation, which are regularly measured in active mountain belts.
The upper time scale for the signal of internal tectonic variability is given by the ratio of length of frontally accreted thrust sheets and the convergence rate. Thrust sheet length is a function of many system parameters, such as material strength and basal friction. For real examples, the time scale ranges from ~0.1 to 5 m.y., which is resolvable in many settings. The time scale of this signal relative to erosional and landscape response times enables exhumational or topographic steady-state assumptions to be tested. Further, we demonstrate that the climate versus tectonics debate must incorporate internal tectonic variability because a continuous tectonic forcing generates a punctuated system response in thrust wedges. 
